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Abstract 26 
Methane production from anaerobic digestion of waste activated sludge (WAS) is often 27 
limited by the slow degradation and poor substrate availability of WAS. Our previous study 28 
revealed that WAS pre-treatment using free nitrous acid (FNA, i.e. HNO2) is an economically 29 
feasible and environmentally friendly method for promoting methane production. In order to 30 
further improve methane production from WAS, this study presents a novel strategy based on 31 
combined FNA and heat pre-treatment. WAS from a full-scale plant was treated for 24 h with 32 
FNA alone (0.52-1.43 mg N/L at 25 °C), heat alone (35, 55 and 70 °C), and FNA (0.52-1.11 33 
mg N/L) combined with heat (35, 55 and 70 °C). The pre-treated WAS was then used for 34 
biochemical methane potential tests. Compared to the control (no FNA or heat pre-treatment 35 
of WAS), biochemical methane potential of the pre-treated WAS was increased by 12-16%, 36 
0-6%, 17-26%, respectively; hydrolysis rate was improved by 15-25%, 10-25%, 20-25%, 37 
respectively, for the three types of pre-treatment. Heat pre-treatment at 55 and 70 °C, 38 
independent of the presence or absence of FNA, achieved approximately 4.5 log inactivation 39 
of pathogens (in comparison to ~1 log inactivation with FNA treatment alone), thus capable 40 
of producing Class A biosolids. The combined FNA and heat pre-treatment is an 41 
economically and environmentally attractive technology for the pre-treatment of WAS prior 42 
to anaerobic digestion, particularly considering that both FNA and heat can be produced as 43 
by-products of anaerobic sludge digestion.  44 
 45 
Keywords: Free nitrous acid; Anaerobic digestion; Waste activated sludge; Methane; 46 
Pathogen; Heat 47 
 48 
 49 
 50 
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1. Introduction 51 
In a typical wastewater treatment plant (WWTP), roughly 1/3 of the organic carbon from 52 
wastewater is converted to waste activated sludge (WAS) (Metcalf and Eddy, 2003). 53 
Anaerobic digestion has been widely applied to the WAS treatment since it transforms 54 
organic carbon in WAS into methane and reduces the amount of biosolids to be disposed of 55 
(Feng et al., 2014; Appels et al., 2008; Eskicioglu et al., 2008; Tiehm et al., 2001). However, 56 
methane production via anaerobic digestion is often limited by the slow hydrolysis rate and 57 
poor biochemical methane potential of the WAS (Appels et al., 2008; Shimizu et al., 1993). 58 
Therefore, a number of pre-treatment strategies including mechanical, heat and chemical pre-59 
treatment have been developed to improve methane production by enhancing hydrolysis rate 60 
and/or biochemical methane potential (Zhang et al., 2011; Carrere et al., 2010; Foladori et al., 61 
2010; Appels et al., 2008; Eskicioglu et al., 2008; Lissens et al., 2004; Tiehm et al., 2001; 62 
Stuckey and Mc Carty, 1978). These methods destroy cells and/or extracellular polymeric 63 
substances (EPS) with subsequent release of intracellular and extracellular constituents 64 
(Carrere et al., 2010; Foladori et al., 2010; Appels et al., 2008). These released constituents 65 
can be biodegraded more easily via digestion, thereby promoting methane production. For 66 
instance, Stuckey and Mc Carty (1978) found that methane production increased by 42% at a 67 
digestion time of 25 d after pre-treating WAS at 175 °C for 60 min. However, it has been 68 
reported that most of the above mentioned approaches are cost intensive due to high energy 69 
and/or chemical requirements, and have negative environmental consequences (e.g. higher 70 
net CO2 emissions compared with the case without pre-treatment) (Carballa et al., 2011; 71 
Foladori et al., 2010). 72 
 73 
Our recent studies showed that free nitrous acid (FNA, i.e. HNO2), at parts per million (mg 74 
N/L) levels, is a strong biocidal agent for microbes residing in anaerobic wastewater biofilms 75 
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and in WAS (Pijuan et al., 2012; Jiang et al., 2011). It was reported that the fraction of viable 76 
cells in WAS decreased by 50-80% after FNA treatment at 1-2 mg N/L for 24-48 h (Pijuan et 77 
al., 2012). The FNA itself and its derivatives (e.g. NO, N2O3 and NO2) were hypothesized to 78 
be the biocidal agents, which damage lipids, proteins, carbohydrates and deoxyribonucleic 79 
acid (DNA) in cells/EPS by reacting with them (Yoon et al., 2006; Halliwell et al., 1992; 80 
Rowe et al., 1979; Horton and Philips, 1973; Lewis and Updegraff, 1923). More recently, we 81 
demonstrated that methane production from a full-scale WAS, with FNA pre-treatment at 82 
0.4-2.1 mg N/L for 24 h, was improved by 10-30% at a digestion time of 20 d in comparison 83 
with the WAS without FNA pre-treatment (Wang et al., 2013). It was found that FNA pre-84 
treatment improved both the hydrolysis rate and the biochemical methane potential of the 85 
WAS. Also, the FNA-based pre-treatment method was shown to be both economically 86 
feasible and environmentally favourable (Wang et al., 2013). 87 
 88 
It is well known that a high temperature can stimulate chemical reactions in general 89 
according to thermodynamics and Arrhenius equation (Moore et al., 2010; Metcalf and Eddy, 90 
2003). We therefore hypothesized that combined FNA and heat pre-treatment could facilitate 91 
more destruction of lipids, proteins, carbohydrates and DNA by FNA and its derivatives, 92 
thereby achieving even higher methane production during anaerobic digestion compared with 93 
FNA pre-treatment alone. Thermal energy is readily available in a WWTP with anaerobic 94 
sludge digestion and cogeneration. The combined FNA and heat pre-treatment, if proven 95 
effective, could easily be implemented. 96 
 97 
The aim of this study is to assess the effect of combined FNA and heat pre-treatment on 98 
methane production from WAS. A full-scale WAS was subject to FNA+heat pre-treatment 99 
(0.52-1.11 mg N/L at 35, 55 and 70 °C) for 24 h, with FNA pre-treatment alone (0.52-1.43 100 
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mg N/L at 25 °C) and with heat pre-treatment alone (35, 55 and 70 °C) as comparisons. WAS 101 
solubilisation, pathogen destruction and biochemical methane production were then assessed 102 
and compared. The enhancement of methane production was interpreted using model-based 103 
analysis to determine both the hydrolysis rate and the biochemical methane potential.  104 
 105 
2. Materials and methods 106 
2.1. Sludge sources 107 
WAS was collected from the dissolved air flotation thickener of a local (Brisbane, Australia) 108 
biological nutrient removal wastewater treatment plant (WWTP) with a sludge retention time 109 
(SRT) of 15 d. Its main characteristics (with standard errors obtained from triplicate 110 
measurements) were: total solids (TS) 48.7 ± 0.2 g/L, volatile solids (VS) 39.4 ± 0.2 g/L, 111 
total chemical oxygen demand (TCOD) 59.9 ± 1.4 g/L, soluble chemical oxygen demand 112 
(SCOD) 2.34 ± 0.04 g/L, pH=6.64 ± 0.00.  113 
 114 
For the biochemical methane potential (BMP) tests to be further described in section 2.3, the 115 
inoculum was harvested from a mesophilic anaerobic digester treating mixed primary sludge 116 
and WAS in the WWTP from which WAS was collected. Its main characteristics (with 117 
standard errors obtained through triplicate measurements) were: TS 31.3 ± 0.1 g/L, VS 23.3 ± 118 
0.1 g/L, TCOD 34.8 ± 0.2 g/L, SCOD 1.94 ± 0.01 g/L, pH=7.52 ± 0.00. 119 
 120 
2.2. Pre-treating waste activated sludge using FNA, heat and their combinations  121 
Batch tests were performed to assess and compare the effect of FNA, heat and FNA+heat pre-122 
treatment on the characteristics of WAS. 3.3 L of WAS was evenly distributed into eleven 123 
batch reactors. Each test lasted for 24 h. For FNA pre-treatment, a nitrite stock solution (4.0 124 
M) was added to four batch reactors in different volumes to achieve the designated nitrite 125 
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concentrations varying between 75 and 200 mg N/L, as summarized in Table 1. pH was 126 
controlled at 5.5 ± 0.1 via a programmable logic controller using 1.0 M HCl solution. The 127 
nitrite concentrations and pH levels applied gave rise to FNA concentrations ranging from 128 
0.52 to 1.42 mg N/L (see Table 1), which were calculated using the formula 129 
2
pH
aNO N
S /(K 10 )
−
−
×
with the Ka value determined as a function of temperature T (°C) with the 130 
formula 
2,300/(273 T)
aK e
− +
= (Anthonisen et al., 1976). The reactors were operated under an 131 
ambient temperature of approximately 25 °C. Heat pre-treatment was performed at 35, 55 and 132 
70 °C (see Table 1). Temperature was controlled by an electronic temperature controller 133 
(EKT Hei-Con). pH was not controlled and was observed to be approximately 6.6. The 134 
FNA+heat pre-treatment was carried out under the conditions summarized in Table 1, with 135 
pH and temperature controlled as described above. The experimental conditions were 136 
designed to ensure that FNA or nitrite concentrations in the case of FNA+heat pre-treatment 137 
were identical to the case of FNA pre-treatment alone. This enabled the comparison between 138 
FNA+heat pre-treatment and FNA pre-treatment alone. A control experiment was also 139 
conducted without nitrite addition, or pH or temperature control, as shown in Table 1. All 140 
reactors were mixed using magnetic stirrers. 141 
 142 
(Approximate position for Table 1) 143 
 144 
In each test, the TS, VS, SCOD, soluble Kjeldahl nitrogen (SKN), ammonium nitrogen 145 
(NH4+-N), soluble proteins, soluble polysaccharides and pathogen (Fecal Coliform was used 146 
as an indicator) (US Environmental Protection Agency, 2003) were measured in triplicate 147 
both before and after pre-treatment, using methods to be further described in section 2.5. The 148 
measured changes were then expressed as a biomass specific value by dividing by the 149 
corresponding VS or TS of WAS measured before the pre-treatment.  150 
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 151 
2.3. Biochemical methane potential (BMP) tests 152 
Methane production from WAS with different pre-treatment strategies was assessed using 153 
BMP tests, as described in Angelidaki et al. (2009). The BMP tests were carried out in 160 154 
mL serum vials (100 mL working volume). Each BMP test vial contained 75 mL inoculum 155 
and 25 mL WAS with an inoculum to WAS ratio of 1.8 on a dry VS basis. The vials were 156 
flushed with helium gas for 1 min (1 L/min), sealed with a butyl rubber stopper retained with 157 
an aluminium crimp-cap and stored in a temperature controlled incubator at 37 ± 1°C. Vials 158 
were well mixed by inversion for several times prior to each sampling event. Blank 159 
containing inoculum and MilliQ water without WAS was also set up. All tests were carried 160 
out in triplicates. The BMP tests lasted for 44 days, when biogas production dropped to 161 
insignificant levels. The biogas (CH4, CO2, H2, N2, N2O) production was monitored on a 162 
daily basis over the first week and every 2-4 days afterwards. The biogas production from 163 
WAS was obtained by subtracting measured biogas production in an experimental vial from 164 
that measured in blank. The methane production was reported as the volume of methane 165 
produced per kilogram of VS added (L CH4/kg VS added). It should be noted that our 166 
previous study has demonstrated that nitrite concentrations used in this study did not have a 167 
significant effect on the performance of inoculum, and therefore the blank used in this study 168 
is a valid blank for correcting methane production for all tests (Wang et al., 2013). 169 
 170 
2.4. Model-based analysis of BMP test results  171 
The hydrolysis rate (k) and biochemical methane potential (B0), two key parameters 172 
associated with methane production, were used to evaluate and compare methane production 173 
kinetics and potential of the WAS pre-treated with different methods. They were estimated by 174 
fitting the methane production data from BMP tests to a first-order kinetic model using a 175 
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modified version of Aquasim 2.1d with sum of squared errors (Jopt) as an objective function 176 
(Batstone et al., 2009). The Aquasim 2.1d was also used to estimate the uncertainty surfaces 177 
of k and B0, based on a model-validity F-test with 95% confidence limits (Batstone et al., 178 
2009). 179 
 180 
Two models were used. The first considered a single substrate type (i.e. one-substrate model) 181 
in the first-order kinetic model (Batstone et al., 2009; Rao et al., 2000), as shown in equation 182 
(1): 183 
( )kte−−1B =(t) B 0                                                                                                                      (1) 184 
where B(t)=cumulative methane production at time t (L CH4/kg VS added); t=time (d).  185 
 
186 
In the second model, the WAS samples were considered to include a rapidly biodegradable 187 
substrate type and a slowly biodegradable substrate type (i.e. two-substrate model) (Rao et al., 188 
2000). The aim of introducing the two-substrate model was to assess the effect of pre-189 
treatment on the rapidly biodegradable substrates and slowly biodegradable substrates, 190 
respectively. 191 
The equation of the two-substrate model is shown below:  192 
( ) ( )tktk slowrapid ee −− −+− 1B1B =(t) B
slow,0rapid,0                                                                               (2) 193 
where B0,rapid=biochemical methane potential of the rapidly biodegradable substrates (L 194 
CH4/kg VS added); krapid=hydrolysis rate of the rapidly biodegradable substrates (d-1); B0,slow 195 
=biochemical methane potential of the slowly biodegradable substrates (L CH4/kg VS added); 196 
kslow=hydrolysis rate of the slowly biodegradable substrates (d-1). 197 
 198 
Based on the determined B0, the degradation extent (Y) of WAS was determined using 199 
equation (3): 200 
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Y=B0/380×RWAS+LN2/880×1.71/MWAS                                                                                                                            (3)                                                201 
where B0 =biochemical methane potential (L CH4/kg VS added); 380=theoretical biochemical 202 
methane potential of WAS under standard conditions (25 °C, 1 atm) (L CH4/kg TCOD) 203 
(Metcalf and Eddy, 2003); RWAS=measured ratio of VS to TCOD in the studied WAS (i.e. 204 
0.66 in this study); LN2=volume of N2 produced under standard conditions (25 °C, 1 atm) (L); 205 
880=N2 yield of nitrite reduction (L N2/kg NO2--N) (Metcalf and Eddy, 2003); 1.71=oxygen 206 
equivalent of nitrite (kg O2/kg NO2--N) (Metcalf and Eddy, 2003); MWAS=amount of WAS 207 
fed to the BMP vials (kg COD), which was determined by multiplying the TCOD 208 
concentration of WAS (i.e. 59.9 g COD/L in this study) by the volume of WAS fed to the 209 
BMP vials (i.e. 0.025 L in this study). 210 
 211 
2.5. Analytical methods 212 
WAS samples were filtered through disposable Millipore filter units (0.45 µm pore size) for 213 
the analyses of NH4+-N, NO2--N, SCOD, SKN, soluble proteins and soluble polysaccharides. 214 
The NH4+-N and NO2--N concentrations were analyzed using a Lachat QuikChem8000 Flow 215 
Injection Analyzer (Lachat Instrument, Milwaukee, Wisconsin). The TS, VS, TCOD, SCOD 216 
and SKN concentrations were determined according to the standard methods (APHA, 1998). 217 
The soluble protein concentration was measured by the bicinchoninic acid assay method with 218 
bovine serum albumin as standard (Smith et al., 1985). The soluble polysaccharide 219 
concentration was determined by the Anthrone method with glucose as standard (Raunkjaer 220 
et al., 1994). 221 
 222 
The biogas volume was measured by a manometer at the start of each sampling event. 223 
Cumulative volumetric gas production was calculated from the pressure increase in the 224 
headspace volume (60 mL) and expressed under standard conditions (25 °C, 1 atm). At each 225 
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sampling event, the biogas composition (CH4, CO2, H2, N2, N2O) was determined using a 226 
Perkin Elmer autosystem gas chromatograph equipped with a thermal conductivity detector 227 
(GC-TCD) (for CH4, CO2 and H2), and a gas chromatograph GC8-AIT equipped with a 228 
Porapak Q column and a thermal conductivity detector (for N2), and an Agilent 7890A Gas 229 
chromatograph equipped with an electron capture detector (for N2O) (Tait et al., 2009; APHA, 230 
1998). 231 
 232 
Colilert®-18 reagents from the IDEXX laboratory were used to quantify Fecal Coliform 233 
(http://www.idexx.com.au/). The WAS samples subject to different pre-treatment conditions 234 
were diluted to 100 ml (diluted 50 to 105 times depending on the pre-treatment conditions 235 
applied) in several 120 ml sterilized bottles. Afterwards, the Colilert®-18 reagents were added 236 
to the 100 ml diluted samples and mixed with the samples to dissolve the Colilert®-18 237 
reagents. The 100 ml solution with the Colilert®-18 reagent and WAS sample was transferred 238 
into the Quanti-Tray®/2000, which was then sealed with a Quanti-Tray sealer. After that, the 239 
sealed Quanti-Tray®/2000 was incubated at 44.5±0.5°C for 18 h in a temperature controlled 240 
incubator. Finally, the positive wells (i.e. yellow wells) were enumerated and the Most 241 
Probable Number (MPN) of Fecal Coliform was determined based on the number of positive 242 
wells and the IDEXX Quanti-Tray®/2000 MPN Table (http://www.idexx.com.au/). 243 
 
244 
3. Results  245 
3.1. Effect of pre-treatment on characteristics of waste activated sludge  246 
Fig. 1 shows the changes in WAS characteristics after 24 h pre-treatment using FNA, heat 247 
and combined FNA and heat. All the pre-treatment methods applied resulted in increased 248 
release of SCOD (Fig. 1A). In the control WAS (24 h storage at 25 °C without nitrite addition 249 
or pH adjustment, Table 1), SCOD only increased by around 0.06 mg SCOD/mg VS. In 250 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
11 
 
contrast, SCOD rose by 0.11-0.13 mg SCOD/mg VS with FNA treatment at concentrations of 251 
0.52-1.43 mg N/L. Heat pre-treatment was more effective in WAS solubilisation, with the 252 
released SCOD being 0.14 to 0.26 mg SCOD/mg VS when the temperature ranged from 35 to 253 
70 °C. The increased SCOD in the case of combined FNA and heat pre-treatment was 254 
between 0.16 and 0.28 mg SCOD/mg VS. This was significantly higher (p<0.05) than those 255 
obtained by FNA pre-treatment and slightly higher (p<0.05) than heat pre-treatment. The 256 
higher release of SCOD implies more cells and/or EPS were destroyed and became soluble 257 
substrates from particulate substrates. A similar trend was also observed in the cases of SKN, 258 
soluble proteins and soluble polysaccharides (Figs. 1B and 1C), whose release increased 259 
following all the applied pre-treatment methods, and was the highest in the case of combined 260 
FNA and heat pre-treatment. This corroborated the SCOD results. However, the NH4+-N 261 
results display a different trend, with the amounts of NH4+-N produced declined after pre-262 
treatment, except for heat pre-treatment at 35 °C (Fig. 1B), where an increased NH4+-N 263 
production was observed. The decreased NH4+-N production could be attributed to the 264 
inhibitory effect of FNA, heat (at 55 and 75 °C) and FNA+heat on WAS hydrolytic enzymes 265 
(e.g. protease) and/or enzymes responsible for acidogenesis (Pijuan et al., 2012). The 266 
increased production of NH4+-N with 35 °C pre-treatment was probably due to the possible 267 
acceleration of microbial activity at 35 °C, which could lead to enhanced breakdown of 268 
substances with higher molecular weight.  269 
 270 
(Approximate position for Fig. 1) 271 
 272 
Fig. 1D shows the biomass specific MPN of the Fecal Coliform before and after pre-273 
treatment. Heat pre-treatment at 35 °C and FNA pre-treatment at 0.52-1.43 mg N/L and 25 274 
and 35 °C resulted in 0.4-1.3 log killing in Fecal Coliform (p<0.05). In contrast, 55 and 75 °C 275 
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pre-treatment, independent of the presence or absence of FNA, reduced the MPN of Fecal 276 
Coliform from 6 log MPN/gTS to approximately 1.5 log MPN/gTS (p<0.05), which is lower 277 
than 3 log MPN/gTS required for Class A biosolids as specified by the United States 278 
Environmental Protection Agency (US Environmental Protection Agency, 2003).  279 
 280 
3.2. Effect of pre-treatment on biochemical methane production 281 
The measured methane production in all tests over the whole BMP test period is shown in Fig. 282 
2. In general, FNA pre-treatment attained higher methane production than control throughout 283 
the 44 day BMP test period, confirming FNA pre-treatment is effective in enhancing methane 284 
production. The improvement is consistent with but slightly lower than the results obtained in 285 
Wang et al. (2013), which further corroborates that FNA pre-treatment is effective in 286 
enhancing methane production. The difference is not unexpected as the real sludge from a 287 
full-scale plant was used, with characteristics likely varying with time particularly in different 288 
seasons over a year. Heat pre-treatment at 70 °C also achieved higher methane production 289 
relative to control, but it was not as effective as FNA pre-treatment. In contrast, the 290 
cumulative methane production from WAS with 35 and 55 °C pre-treatment was only 291 
enhanced while the digestion times were less than 10 and 20 d, respectively, and were 292 
comparable to the control afterwards. This indicates that although heat pre-treatment at 35 293 
and 55 °C can improve hydrolysis rate of WAS, the biochemical methane potential remained 294 
almost unchanged. The combined FNA and heat pre-treatment achieved higher methane 295 
production than FNA or heat pre-treatment alone except for the case with FNA pre-treatment 296 
(at 1.11 mg N/L) at 35 °C, where methane production was similar to the cases of FNA alone 297 
at 1.11 and 1.43 mg N/L. This revealed that FNA pre-treatment at 55 and 70 °C are more 298 
effective in improving methane production in comparison to FNA or heat pre-treatment alone. 299 
Also, compared with FNA pre-treatment at 55 °C, FNA pre-treatment at 70 °C did not further 300 
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elevate methane production. It should be noted that in the BMP vials, FNA contained in pre-301 
treated WAS can be significantly diluted (from 0.52-1.43 mg N/L to 0.003-0.007 mg N/L in 302 
this set of tests) and quickly removed through denitrification without negatively affecting 303 
methane production. Indeed, the production of N2 in the BMP tests with FNA- or FNA+heat 304 
pre-treatment was only observed on the first day and N2O was not detected at any time (data 305 
not shown), indicating all the nitrite/FNA could be quickly removed by denitrification.  306 
 307 
(Approximate position for Fig. 2) 308 
 309 
3.3. Determination of hydrolysis rate and biochemical methane potential 310 
The hydrolysis rate (k) and biochemical methane potential (B0) were estimated using both 311 
one-substrate and two-substrate models. 312 
 313 
3.3.1 One-substrate model 314 
The simulated methane production curves using one-substrate model are shown in Figs. S1A-315 
S1C, which indicates the one-substrate model could reasonably describe the methane data. 316 
Table 2 and Fig. S2 show the estimated k and B0 and their 95% confidence regions for WAS 317 
subject to different pre-treatment. In general, all the pre-treatment approaches applied 318 
achieved higher k and B0 than control except for 35 and 55 °C pre-treatment, where B0 was 319 
comparable to that of control. The improvement in k was similar among all the pre-treatment 320 
strategies, determined as 15-25%. In contrast to k, different pre-treatment approaches have 321 
different effects on B0. For FNA pre-treatment, B0 was enhanced by 12-16% at the tested 322 
FNA levels (0.52-1.42 mg N/L) compared to the control. Heat pre-treatment did not increase 323 
B0 at 35 and 55 °C, and only increased B0 by 6% at 70 °C. The combined FNA and heat pre-324 
treatment was more effective than FNA or heat pre-treatment alone, with B0 being promoted 325 
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by 17-26% over the control. The highest increment in k and B0 was obtained at an FNA 326 
concentration of 0.7 mg N/L and 55 °C, and was determined to be approximately 25% (from 327 
0.20 to 0.25 d-1) and 26% (from 203 to 255 L CH4/kg VS added) higher, compared to control. 328 
Correspondingly, the highest improvement in Y was also achieved after pre-treating WAS at 329 
0.7 mg HNO2-N/L and 55 °C, and was determined as 26% (from 0.35 to 0.44 d-1) (see Table 330 
2).   331 
 332 
(Approximate position for Table 2) 333 
 334 
3.3.2 Two-substrate model 335 
The simulated methane production curves using two-substrate model are shown in Figs. S1D-336 
S1F, which indicates methane production is well described by this model. The estimated 337 
values of krapid, B0,rapid, Yrapid, and kslow, B0,slow, Yslow are shown in Table 3. Overall, the krapid 338 
and kslow values of the WAS with FNA+heat pre-treatment are similar to those for the WAS 339 
with FNA or heat pre-treatment alone. Similarly, B0,slow and Yslow are also comparable among 340 
the applied pre-treatment methods. These suggest that the biochemical methane potential and 341 
degradation extent of the slowly biodegradable substrates were similarly affected by 342 
FNA+heat, FNA and heat pre-treatment. In contrast, the WAS subject to FNA+heat pre-343 
treatment achieved the highest B0,rapid and Yrapid. This indicates that, compared to FNA and 344 
heat pre-treatment alone, FNA+heat pre-treatment achieved higher methane production and 345 
higher WAS degradation mainly through enhancing the degradation of the rapidly 346 
biodegradable substrates.  347 
 348 
(Approximate position for Table 3) 349 
 350 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
15 
 
4. Discussion  351 
4.1. Proposed mechanisms for performance improvement  352 
This study and Wang et al. (2013) demonstrated that WAS pre-treatment using FNA can 353 
improve its biochemical methane potential (i.e. B0). Wang et al. (2013) hypothesized that 354 
WAS solubilisation was responsible for the improved B0, as supported by the relationship 355 
between the SCOD release and B0. However, the results obtained in this study show that 356 
WAS solubilisation does not necessarily improve B0. In the tests with heat pre-treatment, B0 357 
did not increase (at 35 and 55 °C) or increased marginally (at 70 °C) compared to control, 358 
although substantial SCOD release was induced by heat treatment (0.14 – 0.26 mg 359 
SCOD/mgVS, see Fig. 1A). This implied that the majority of the solubilized compounds 360 
remained refractory and were not converted to methane in anaerobic digestion. This is 361 
consistent with that reported by Paul and Liu, (2012). They observed that heat pre-treatment 362 
at below 100 °C generally did not increase B0 despite the enhanced WAS solubilisation. They 363 
hypothesised that the thermal energy provided was not enough for causing changes in the 364 
chemical structure of the refractory materials (Paul and Liu, 2012). 365 
 366 
In comparison, pre-treatment with FNA alone significantly enhanced B0 (12 – 16%), despite 367 
relatively lower WAS solubilisation in comparison to heat pre-treatment. This suggests that 368 
FNA not only induces cell lysis, but also likely reacts with the solubilised compounds thereby 369 
enhancing their anaerobic degradability. This hypothesis is supported by the third set of tests 370 
with combined FNA and heat pre-treatment. In these tests, the highest B0 was observed 371 
(Table 2), while the extent of WAS solubilisation was only slightly higher than the cases with 372 
heat pre-treatment alone (Fig. 1A).  373 
 374 
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These results collectively suggest that FNA and/or its derivatives (e.g. NO, N2O3 and NO2) 375 
reacted with the solubilised materials and converted some anaerobically refractory 376 
compounds to anaerobically degradable compounds. It has been reported that FNA per se and 377 
its derivatives could change the structure of proteins, lipids, carbohydrates and DNA in cells 378 
or EPS by reacting with them (Yoon et al., 2006; Halliwell et al., 1992; Rowe et al., 1979; 379 
Horton and Philips, 1973; Lewis and Updegraff, 1923). For example, Lewis and Updegraff, 380 
(1923) proposed that FNA could react with the amino groups of the protein, resulting in 381 
protein deamination. Also, NO2, the derivative of FNA, can induce lipid peroxidation (Horton 382 
and Philips, 1973). Hence, the reactions between FNA/its derivatives and solubilised 383 
substances were likely responsible for the enhanced B0. However, further studies are still 384 
needed at the molecular level to get an in-deep understanding of the mechanisms for the 385 
improved performance involved in FNA/FNA+heat pre-treatment of the WAS. 386 
 387 
4.2. Combined FNA and heat pre-treatment as a potential technology for enhancing 388 
biological methane production  389 
Our previous study has shown that FNA pre-treatment of WAS prior to anaerobic digestion is 390 
an economically attractive and environmentally favourable method for enhancing methane 391 
production (Wang et al., 2013). This study reveals that combined FNA and heat (at 55 and 392 
70 °C) pre-treatment can achieve even higher methane production compared to FNA pre-393 
treatment alone.  394 
 395 
In our previous studies, we proposed and demonstrated that FNA can be produced as a by-396 
product of wastewater treatment through nitritation of the anaerobic digestion liquor with low 397 
chemical and energy requirements (Fig. 3) (Wang et al., 2013; Law et al., submitted). 398 
Similarly, the thermal energy required for pre-heating WAS to 55-70 °C is also easily 399 
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available at a WWTP where anaerobic sludge digestion and cogeneration are in place (Fig. 3). 400 
In addition, the majority of the thermal energy from the effluent of the pre-treatment unit (i.e. 401 
pre-treated WAS) can be recovered with the proper use of a counter-flow heat exchanger, 402 
which transfers the thermal energy from the effluent to the influent of the pre-treatment unit 403 
and at the same time cools the effluent to a temperature (e.g. 37 °C) suitable for the following 404 
mesophilic digestion process (Astals et al., 2012; Lu et al., 2008; Greer, 2007; Zupancic and 405 
Ros, 2003). This would bring down the overall thermal energy requirement for the 406 
mesophilic digestion with combined FNA and heat pre-treatment to a similar level to that 407 
with FNA pre-treatment alone. It should be noted that heat exchangers are increasingly used 408 
in the design of anaerobic digestion systems with a high temperature pre-treatment step (e.g. 409 
temperature phased anaerobic digestion) (Astals et al., 2012; Lu et al., 2008; Greer, 2007; 410 
Zupancic and Ros, 2003).  411 
 412 
(Approximate position for Fig. 3) 413 
 414 
In previous studies, it has been demonstrated that the results of laboratory BMP tests give 415 
conservative estimates of what achievable at full-scale (Batstone et al., 2009). The 416 
experimental results acquired in this study therefore enable a conservative assessment of the 417 
potential economic feasibility of the proposed FNA+heat pre-treatment method. This was 418 
performed by a desktop scaling-up study on a full-scale WWTP with a population equivalent 419 
(PE) of 400,000 and with an anaerobic sludge digester at a hydraulic retention time (HRT) of 420 
20 d (see supplementary material for details). Based on a 27%, 18% and 9% increase in 421 
methane production in 20 days’ digestion (Fig. 2), with pre-treatment with 0.70 mg HNO2-422 
N/L at 55 °C, with 1.43 mg HNO2-N/L at ambient temperature (i.e. 25 °C), and without FNA 423 
at 70 °C, respectively, the net economic benefits are estimated to be around $116,000, 424 
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$77,000 and $9,000 per annum (the net economic benefits are negative for heat pre-treatment 425 
at 35 and 55 °C, details not shown), respectively, compared with the control system (no pre-426 
treatment) (see supplementary material for the detailed calculations). FNA pre-treatment at 427 
55 °C achieves an economic outcome that is ~50% higher than the FNA treatment alone, and 428 
more than 10 times higher than the heat pre-treatment. The improved benefits arise from the 429 
enhanced methane production, decreased biosolids transport and disposal, and moderate 430 
heating. Therefore, combined FNA and heat pre-treatment is economically attractive. It 431 
should be highlighted that the economic comparison between FNA+heat pre-treatment and 432 
FNA pre-treatment alone was performed to mimic the “real-world” application situation, with 433 
the same nitrite concentrations (200 mg NO2--N/L) being applied in both cases, giving 434 
different levels of FNA due to the temperature difference (0.70 mg HNO2-N/L at 55 °C 435 
versus 1.43 mg HNO2-N/L at 25 °C). It should also be noted that this is only a proof-of-436 
concept study and is the first step to investigate the proposed strategy. Therefore, the benefit 437 
and cost values presented should be considered as preliminary and indicative only. In 438 
particular, the dewaterability of the anaerobically digested WAS with and without FNA and 439 
FNA+heat pre-treatment was not evaluated in this study and therefore was not considered in 440 
the economic analysis. This is because that the BMP test contained large amounts of 441 
inoculum (inoculum to WAS ratio was 1.8 on a dry VS basis), which would mask the effects 442 
of FNA and FNA+heat pre-treatment on the dewaterability of the anaerobically digested 443 
WAS. Full-scale tests are needed to assess the dewaterability of the anaerobically digested 444 
WAS subject to FNA and FNA+heat pre-treatment. Full-scale trials are also required to 445 
further evaluate the effects of FNA and FNA+heat pre-treatment on methane production. In 446 
addition, the economic analysis also needs to be carried out again to better evaluate the 447 
economic feasibility of the proposed strategy after performing full-scale trials.  448 
 449 
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The environmental consequences of the proposed FNA+heat pre-treatment strategy were also 450 
evaluated based on CO2 emission, which is estimated to decrease by 641,000 kg CO2 per 451 
annum (i.e. 0.26 kg CO2/kg VS added) with the proposed FNA pre-treatment at 55 °C in 452 
comparison to control (see supplementary material for the detailed calculations). In contrast, 453 
CO2 emission is expected to decline by 480,000 and 10,000 kg CO2 per annum (i.e. 0.20 and 454 
0.01 kg CO2/kg VS added) after implementing FNA pre-treatment and 70 °C pre-treatment 455 
alone (see supplementary material for the detailed calculations) (the environmental benefits 456 
are negative for heat pre-treatment at 35 and 55 °C, details not shown). The less CO2 457 
emission can be attributed to the avoided CO2 emission due to the enhanced methane 458 
production (replacing fossil fuels, thereby avoiding CO2 emission) despite the additional CO2 459 
emission associated with heating or FNA production. Therefore, combined pre-treatment with 460 
FNA and heat is potentially environmentally friendly and can further enhance the 461 
environmental benefit of the FNA and heat pre-treatment. 462 
 463 
Although the proposed FNA+heat strategy itself appears to be economically and 464 
environmentally attractive, the direct quantitative economic and environmental comparison 465 
with other available technologies are difficult at this stage since the results depend on many 466 
factors including the WAS characteristics, among others (Carrere et al., 2010). The 467 
comparison could and should be done in future studies by performing experiments using the 468 
same WAS and under similar operating conditions (Bougrier et al., 2006; Kim et al., 2003). 469 
In terms of effectiveness, however, the combined FNA and heat pre-treatment is comparable 470 
to the ‘high impact’ pre-treatment methods (e.g. high-temperature heat pre-471 
treatment, >100 °C), which improve k, B0 and Y (Paul and Liu, 2012; Carrere et al., 2010; 472 
Donoso-Bravo et al., 2010; Batstone et al., 2009), but significantly higher than the ‘low 473 
impact’ pre-treatment methods (e.g. ultrasonic pre-treatment and low-temperature heat pre-474 
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treatment (< 100 °C)), which generally only increase k (Paul and Liu, 2012; Carrere et al., 475 
2010; Donoso-Bravo et al., 2010). 476 
 477 
Pathogen destruction during anaerobic digestion is an essential component for ensuring the 478 
safe and sustainable biosolids reuse, such as agricultural reuse. The inactivation efficiency of 479 
Fecal Coliform (pathogen indicator) by mesophilic anaerobic digestion itself is limited, which 480 
only 1-2 log removal in full-scale operation over an HRT of 15-40 days (Guzman et al., 2007; 481 
Gantzer et al., 2001). Therefore, pre-treatment is often included to aid in pathogen destruction. 482 
The inactivation efficiency of Fecal Coliform achieved by combined FNA and heat pre-483 
treatment was ~4.5 log (see Fig. 1D). This is substantially higher than with FNA pre-484 
treatment alone (0.4-1.3 log removal in Fecal Coliform, Fig. 1D). The combined FNA and 485 
heat pre-treatment can produce Class A biosolids. 486 
 487 
It should be recognized that the results were obtained in laboratory batch tests, full-scale 488 
trials are needed to further evaluate this technology.  489 
 490 
5. Conclusions 491 
The feasibility of enhancing anaerobic methane production based on pre-treatment of waste 492 
activated sludge using FNA+heat was investigated through laboratory biochemical methane 493 
potential (BMP) tests. The main conclusions are: 494 
 495 
• FNA+heat pre-treatment is effective in enhancing anaerobic methane production from 496 
waste activated sludge. 497 
• Both the hydrolysis rate and biochemical methane potential of the waste activated 498 
sludge are improved through FNA+heat pre-treatment. 499 
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• FNA+heat pre-treatment achieves higher anaerobic methane production than FNA or 500 
heat pre-treatment alone does.  501 
• FNA+heat pre-treatment has the potential to achieve Class A biosolids. 502 
• FNA+heat pre-treatment is a potentially economically and environmentally attractive 503 
technology for the pre-treatment of waste activated sludge prior to anaerobic digestion, 504 
particularly considering that both FNA and heat can be produced as by-products of 505 
anaerobic sludge digestion.  506 
 507 
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Table 1 - Pre-treatment conditions applied in this study 
Pre-treatment FNA (mg N/L) Temperature  (°C) NO2--N (mg N/L) pH 
Control 0 
~ 25 (ambient 
temperature) 
0 6.6 
        FNA pre-treatment 
F1 0.52  ~ 25 75 5.5 
F2 0.70  ~ 25 100 5.5 
F3 1.11 ~ 25 160 5.5 
F4 1.43  ~ 25 200 5.5 
      Heat pre-treatment 
H1 0 35 0 6.6 
H2 0 55 0 6.6 
H3 0 70 0 6.6 
     Combined FNA and heat pre-treatment 
FH1 1.11  35 200 5.5 
FH2 0.70  55 200 5.5 
FH3 0.52 70 200 5.5 
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Table 2 - Estimated k, B0 and Y for different pre-treatment methods using one-substrate 
model (with standard errors) 
 
               
aSee Table 1 for the pre-treatment conditions. 
 
 
Pre-treatmenta  k (d-1) B0 (L CH4/kg VS added) Y  
Control  0.20± 0.01 203± 2 0.35 ± 0.01  
FNA pre-treatment 
F1  0.23 ± 0.01 227± 2 0.39 ± 0.01  
F2  0.23 ± 0.02 229± 2 0.40 ± 0.01  
F3  0.25 ± 0.01 236± 1 0.41 ± 0.01  
F4  0.24 ± 0.02 235± 8 0.41 ± 0.01  
Heat pre-treatment 
H1  0.22 ± 0.01 203± 2 0.35 ± 0.01  
H2  0.25 ± 0.01 206± 1 0.36 ± 0.01  
H3  0.25 ± 0.01 216± 1 0.37 ± 0.01  
Combined FNA and heat pre-treatment 
FH1  0.24 ± 0.01 237± 2 0.41 ± 0.01  
FH2  0.25 ± 0.01 255± 2 0.44 ± 0.01  
FH3  0.24 ± 0.01 255± 2 0.44 ± 0.01  
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Table 3 - Estimated krapid, B0,rapid, Yrapid and kslow, B0,slow, Yslow, B0,total for different pre-treatment methods using the two-substrate model (with 
standard errors)a 
Pre-treatment 
krapid  
(d-1) 
B0,rapid 
(L CH4/kg VS added) 
Yrapid 
 kslow  
(d-1) 
B0,slow 
(L CH4/kg VS added) 
Yslow  
B0,total 
(L CH4/kg VS added) 
 
Control 0.28 ± 0.01 163 ± 3 0.28 ± 0.01  0.02 ± 0.01 86 ± 8 0.15 ± 0.02  249 ± 9  
F1 0.31 ± 0.01 189 ± 3 0.33 ± 0.01  0.02 ± 0.01 83 ± 8 0.14 ± 0.01  272 ± 9  
F2 0.30 ± 0.01 192 ± 3 0.33 ± 0.01  0.02 ± 0.01 95 ± 15 0.16 ± 0.02  287 ± 15  
F3 0.29 ± 0.01 215 ± 3 0.37 ± 0.01  0.01 ± 0.01 363 ± 1437 0.62 ± 2.25  578 ± 1437  
F4 0.31 ± 0.02 200 ± 3 0.35 ± 0.01  0.02 ± 0.01 99 ± 22 0.16 ± 0.03  299 ± 22  
H1 0.35 ± 0.01 144 ± 2 0.25 ± 0.01  0.05 ± 0.01 84 ± 2 0.15 ± 0.01  228 ± 3  
H2 0.32 ± 0.01 176 ± 2 0.31 ± 0.01  0.02 ± 0.01 73 ± 9 0.13 ± 0.02  249 ± 9  
H3 0.32 ± 0.01 181 ± 2 0.31 ± 0.01  0.04 ± 0.01 55 ± 1 0.10 ± 0.01  236 ± 2  
FH1 0.30 ± 0.01 201 ± 3 0.35 ± 0.01  0.01 ± 0.01 128 ± 41 0.20 ± 0.05  329 ± 41  
FH2 0.31 ± 0.01 224 ± 2 0.39 ± 0.01  0.01 ± 0.01 161 ± 96 0.25 ± 0.12  385 ± 96  
FH3 0.29 ± 0.02 224 ± 3 0.39 ± 0.01  0.01 ± 0.01 104 ± 33 0.16 ± 0.04  328 ± 33  
      
aShading area in the table indicates poor parameter identification.  
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Fig. 1 - Biomass specific production of (A) SCOD, (B) SKN and NH4+-N (C) soluble 
proteins and soluble polysaccharides after 24 h pre-treatment, and (D) biomass specific MPN 
of Fecal Coliform before (i.e. raw sample) and after 24 h pre-treatment. Error bars show 
standard errors resulting from triplicate tests. See Table 1 for the pre-treatment conditions 
shown in abscissa. 
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Fig. 2 - Cumulative methane production from waste activated sludge with (A) FNA, (B) heat 
and (C) combined FNA and heat pre-treatment. Error bars show standard errors.  
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Fig. 3 - Proposed “closed loop” (orange box) FNA+heat sludge pre-treatment method for 
enhancing methane production in a wastewater treatment plant. 
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► FNA+heat pretreatment is effective in enhancing anaerobic methane production. 
► FNA+heat pretreatment improves hydrolysis rate and methane potential of the sludge. 
► FNA+heat pretreatment attains higher methane production than FNA or heat alone does.  
► FNA+heat pretreatment has the potential to achieve Class A biosolids. 
► FNA+heat pretreatment is economically and environmentally attractive. 
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Fig. S1 - Measured and simulated methane production in the BMP tests (symbols represent 24 
experimental measurements and lines represent model fit; (A-C): model fit using one-25 
substrate model; (D-F): model fit using two-substrate model). Error bars show standard errors. 26 
See Table 1 for the pre-treatment conditions in legend. 27 
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 29 
Fig. S2 - Confidence regions (95%) of the estimated hydrolysis rate (k) and biochemical 30 
methane potential (B0).  31 
 32 
Economic and environmental analyses of FNA+heat pre-treatment for enhancing 33 
methane production 34 
A desktop scaling-up study on a full-scale wastewater treatment plant (WWTP) with a 35 
population equivalent (PE) of 400,000 and with an anaerobic digester at a hydraulic retention 36 
time (HRT) of 20 d was conducted to evaluate the potential economic and environmental 37 
benefits of the combined FNA and heat pre-treatment strategy. A system with an annual 38 
methane production of approximately 286,000 kg CH4 was used as a control. The systems 39 
with FNA pre-treatment alone, heat pre-treatment at 70 °C and FNA+heat pre-treatment were 40 
designed to obtain an 18%, 9% and 27% increase in methane production (i.e. 338,000, 41 
312,000 and 364,000 kg CH4 per annum). The methane produced was considered to be 42 
combusted in a cogeneration plant in order to produce both power and heat (power generation 43 
efficiency of 40% and heat generation efficiency of 50%) (Carballa et al., 2011). The 44 
costs/benefits associated with FNA, heat and FNA+heat pre-treatment were estimated and 45 
compared, as summarized in Table S1.  46 
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 47 
The potential environmental benefits of the FNA, heat and FNA+heat pre-treatment were also 48 
evaluated and compared based on CO2 emission, as summarized in Table S1.  49 
 50 
Table S1 - Economic and environmental analyses of the FNA, heat and FNA+heat pre-51 
treatment for enhancing methane production 52 
General parameter Values 
Size of the WWTP (Population equivalent - PE) 400,000 
Decay coefficient of the heterotrophic biomass (d-1) 0.2a 
Decay coefficient of the nitrifying biomass (d-1)  0.1a 
Yield coefficient of the heterotrophic biomass (g COD/g COD)  0.625a 
Yield coefficient of the nitrifying biomass (g COD/g N) 0.24a 
Fraction of inert COD generated in biomass decay (g COD/g COD) 0.2a 
Mixed liquor suspended solid concentration in the bioreactor (mg/L) 4,000 
Mixed liquor volatile suspended solid concentration in the bioreactor (mg/L) 3,200 
Sludge retention time (SRT) in the bioreactor of the WWTP (d) 15 
Solids content in thickened WAS 5% 
Solids content in dewatered WAS 15% 
Temperature of WAS (°C) 22 
Operating temperature of the anaerobic digester (°C) 37 
Hydraulic retention time (HRT) in the anaerobic digester (d) 20 
Price of HCl (32%) ($/tonne) 150b 
Price of NaHCO3  ($/tonne) 145 b 
Mixing energy of the reactor (kwh/(m3⋅d)) 0.12 
Power requirement for oxygen supply (kwh/kgO2) 0.66 a 
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Methane calorific value  (kwh/kgCH4) 16 
Specific heat capacity value of water (J/(g⋅K)) 4.2a 
Power price ($/kwh) 0.12 
Conversion efficiency of methane to heat   50%c 
Conversion efficiency of methane to power   40%c 
Cost of WAS transport and disposal ($/wet tonne) 50 
Period over which capital costs are annualised (i.e. Lifetime) (year) 20 
Interest applied for initial capital expenditure 8.5% 
Energy generation associated CO2 emission (kgCO2/kwh) 1.05 
CO2 emission for industrial NaHCO3 production (kgCO2/kgNaHCO3) 0.137d 
CO2 emission for industrial HCl production (kgCO2/kgHCl) 1.56e 
Control system 
Methane production (kg CH4/y) 286,000 
WAS fed to the anaerobic digester (kg VS/y) 2,448,600 
WAS removal in the anaerobic digester (on a dry VS basis) 33% 
System with FNA 
pre-treatment 
(economic 
analysis) 
Methane production  (kgCH4/y) 338,000 
WAS fed to the anaerobic digester (kg VS/y) 2,448,600 
WAS removal in the anaerobic digester (on a dry VS basis) 39% 
Biodegradable COD (bCOD) concentration in the 
anaerobic digestion liquor (mg/L) 
300 
HCO3-/ NH4+-N in the anaerobic digestion liquor 
(mol/mol) 
1 
SRT in the FNA production reactor (d) 11f 
HRT in the FNA production reactor (d) 1.33f 
Conversion efficiency of NH4+-N to NO2--N 93%f 
Conversion efficiency of NH4+-N to NO3--N 3%f 
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WAS treatment time by FNA (d) 1 
pH used in the FNA pre-treatment reactor 5.5 
Concentration of NO2- in the FNA pre-treatment reactor 
(mg N/L) 
200 
Temperature in the FNA pre-treatment reactor (°C) 22 
Concentration of FNA in the FNA pre-treatment reactor 
(mg HNO2-N/L) 
1.42 
Capital cost of FNA production reactor (including major 
equipments such as pumps and air compressor) ($)b  
35,000g 
Annualised cost of FNA production reactor ($/y) 3,700 
Annualised power consumption for mixing in the FNA 
production reactor (kwh/y) 
1,000 
Annualised mixing cost of FNA production reactor ($/y) 130 
Annualised power consumption for the oxidation of NH4+-
N and bCOD (kwh/y) 
34,200 
Annualised power cost for the oxidation of NH4+-N and 
bCOD ($/y) 
4,100 
Annual cost of NaHCO3 ($/y) 10,800 
Storage time of NaHCO3 (d) 10 
Capital cost of NaHCO3 storage reactor (including major 
equipments such as pumps) ($) 
34,000g 
Annualised cost of NaHCO3 storage reactor ($/y) 3,500 
Annual cost of HCl ($/y) 12,200 
Storage time of HCl (d) 30 
Annualised cost of HCl storage reactor ($/y) 1,000 
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Capital cost of FNA pre-treatment reactor (including major 
equipments such as pumps) ($) 
152,400g 
Annualised cost of FNA pre-treatment reactor (including 
major equipments such as pumps) ($/y) 
16,100 
Annualised power consumption for mixing in FNA pre-
treatment reactor (kwh/y) 
8,100 
Annualised mixing cost in the FNA pre-treatment reactor 
($/y) 
1,000 
Annualised power consumption for the addition (to the 
FNA pre-treatment reactor) of the FNA-treated WAS 
(kwh/y) 
4,800 
Annualised power cost for the addition (to the FNA pre-
treatment reactor) of the FNA-treated WAS ($/y) 
580 
Annual extra heat production from methane conversion 
(compared to the control system) (kwh/y) 
370,000 
Annual extra power production from methane conversion 
(compared to the control system) (kwh/y) 
296,000 
Annual cost associated with WAS pre-treatment ($/y) 53,100 
Annual reduced WAS transport and disposal cost 
(compared to the control system) ($/y) 
50,000 
Annual extra obtained benefit (compared to the control 
system) due to the extra heat and power generation($/y) 
80,000 
Annual saving (compared to the control system) ($/y) 77,000 
System with FNA 
pre-treatment 
WAS fed to the anaerobic digester (kg VS/y) 2,448,600 
Annual CO2 emission due to power consumption for the 62,200 
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(environmental 
analysis) 
oxidation of NH4+-N and bCOD (kgCO2/y) 
Annual CO2 equivalent emission due to N2O production in 
FNA production reactor (kgCO2/y) 
7,500h 
Annual CO2 emission due to mixing of both FNA 
production and pre-treatment reactors (kgCO2/y) 
8,600 
Annual CO2 emission due to power consumption for the 
addition of the FNA-treated WAS (kgCO2/y) 
5,000 
Annual CO2 emission due to industrial NaHCO3 
production (kgCO2/y) 
10,200 
Annual CO2 emission due to industrial HCl production 
(kgCO2/y) 
127,100 
Annual avoided CO2 emission due to enhanced methane 
production (kg CO2/y) 
700,000i 
Annual net avoided CO2 emission (compared to the 
control system) (kgCO2/y) 
480,000 
Annual net avoided CO2 emission (compared to the 
control system) (kgCO2/kgVS added) 
0.20 
System with heat 
pre-treatment at 
70 °C (economic 
analysis) 
Methane production  (kgCH4/y) 312,000 
WAS fed to the anaerobic digester (kg VS/y) 2,448,600 
WAS fed to the anaerobic digester (m3/y) 61,200 
WAS removal in the anaerobic digester (on a dry VS basis) 36% 
WAS treatment time by heat (d) 1 
Temperature in the heat pre-treatment reactor (°C) 70 
Capital cost of the heat pre-treatment reactor (including 
major equipments such as pumps and air compressor) ($)b  
142,000g 
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Annualised cost of heat pre-treatment reactor ($/y) 15,000 
Annualised power consumption for mixing in heat pre-
treatment reactor (kwh/y) 
7,400 
Annualised mixing cost of heat pre-treatment reactor ($/y) 900 
Capital cost of heat exchanger ($) 50,000 
Annualised cost of heat exchanger ($/y) 2,500 
Annualised extra power/thermal energy consumption for 
heating WAS (compared to the control system) (kwh/y)j 
352,000 
Annualised extra costs for heating WAS (compared to the 
control system) ($/y) 
42,000 
Annualised power consumption for the addition (to the 
heat pre-treatment reactor) of the heat-treated WAS 
(kwh/y) 
4,800 
Annualised power cost for the addition (to the heat pre-
treatment reactor) of the heat-treated WAS ($/y) 
580 
Annual extra heat production from methane conversion 
(compared to the control system) (kwh/y) 
208,000 
Annual extra power production from methane conversion 
(compared to the control system) (kwh/y) 
166,000 
Annual cost associated with WAS pre-treatment ($/y) 61,000 
Annual reduced WAS transport and disposal cost 
(compared to the control system) ($/y) 
25,000 
Annual extra obtained benefit (compared to the control 
system) due to the extra heat and power generation ($/y) 
45,000 
Annual saving (compared to the control system) ($/y) 9,000 
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System with heat 
pre-treatment at 
70 °C 
(environmental 
analysis) 
WAS fed to the anaerobic digester (kg VS/y) 2,448,600 
Annual CO2 emission due to mixing of the heat pre-
treatment reactor (kgCO2/y) 
7,800 
Annual CO2 emission due to power consumption for the 
addition of the heat-treated WAS (kgCO2/y) 
5,000 
Annual CO2 emission due to heat production (kg CO2/y) 370,000 
Annual avoided CO2 emission due to enhanced methane 
production (kg CO2/y) 
393,000i 
Annual net avoided CO2 emission (compared to the 
control system) (kgCO2/y) 
10,000 
Annual net avoided CO2 emission (compared to the 
control system) (kgCO2/kgVS added) 
0.01 
System with FNA 
pre-treatment at 
55 °C (economic 
analysis) 
Methane production  (kgCH4/y) 364,000 
WAS fed to the anaerobic digester (kg VS/y) 2,448,600 
WAS fed to the anaerobic digester (m3/y) 61,200 
WAS removal in the anaerobic digester (on a dry VS basis) 42% 
Biodegradable COD (bCOD) concentration in the 
anaerobic digestion liquor (mg/L) 
300 
HCO3-/ NH4+-N in the anaerobic digestion liquor 
(mol/mol) 
1 
SRT in the FNA production reactor (d) 11f 
Hydraulic retention time (HRT) in the FNA production 
reactor (d) 
1.33f 
Conversion efficiency of NH4+-N to NO2--N 93%f 
Conversion efficiency of NH4+-N to NO3--N 3%f 
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WAS treatment time by FNA (d) 1 
pH used in the FNA pre-treatment reactor 5.5 
Concentration of NO2- in the FNA pre-treatment reactor 
(mg N/L) 
200 
Temperature in the FNA pre-treatment reactor (°C) 55 
Concentration of FNA in the FNA pre-treatment reactor 
(mg HNO2-N/L) 
0.70 
Capital cost of FNA production reactor (including major 
equipments such as pumps and air compressor) ($)b  
35,000g 
Annualised cost of FNA production reactor ($/y) 3,700 
Annualised power consumption for mixing in FNA 
production reactor (kwh/y) 
1,000 
Annualised mixing cost of FNA production reactor ($/y) 130 
Annualised power consumption for the oxidation of NH4+-
N and bCOD (kwh/y) 
34,200 
Annualised power cost for the oxidation of NH4+-N and 
bCOD ($/y) 
4,100 
Annual cost of NaHCO3 ($/y) 10,800 
Storage time of NaHCO3 (d) 10 
Capital cost of NaHCO3 storage reactor (including major 
equipments such as pumps) ($) 
34,000g 
Annualised cost of NaHCO3 storage reactor ($/y) 3,500 
Annual cost of HCl ($/y) 12,200 
Storage time of HCl (d) 30 
Annualised cost of HCl storage reactor ($/y) 1,000 
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Capital cost of FNA pre-treatment reactor (including major 
equipments such as pumps) ($) 
152,400g 
Annualised cost of FNA pre-treatment reactor (including 
major equipments such as pumps) ($/y) 
16,100 
Annualised power consumption for mixing in FNA pre-
treatment reactor (kwh/y) 
8,100 
Annualised mixing cost in the FNA pre-treatment reactor 
($/y) 
1,000 
Capital cost of heat exchanger ($) 50,000 
Annualised cost of heat exchanger ($/y) 2,500 
Annualised extra power/thermal energy consumption for 
heating WAS (compared to the control and FNA pre-
treatment systems) (kwh/y)j 
209,000 
Annualised extra costs for heating WAS (compared to the 
control and FNA pre-treatment systems) ($/y) 
25,100 
Annualised power consumption for the addition (to the 
FNA treatment reactor) of the FNA-treated WAS (kwh/y) 
4,800 
Annualised power cost for the addition (to the FNA pre-
treatment reactor) of the FNA-treated WAS ($/y) 
580 
Annual extra heat production from methane conversion 
(compared to the control system) (kwh/y) 
570,000 
Annual extra power production from methane conversion 
(compared to the control system) (kwh/y) 
460,000 
Annual cost associated with WAS pre-treatment ($/y) 81,000 
Annual reduced WAS transport and disposal cost 73,000 
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(compared to the control system) ($/y) 
Annual extra obtained benefit (compared to the control 
system) due to the extra heat and power generation($/y) 
124,000 
Annual saving (compared to the control system) ($/y) 116,000 
Annual saving (compared to the FNA pre-treatment 
system) ($/y) 
39,000 
Annual saving (compared to heat pre-treatment 
system) ($/y) 
107,000 
System with FNA 
pre-treatment at 
55 °C 
(environmental 
analysis) 
WAS fed to the anaerobic digester (kg VS/y) 2,448,600 
Annual CO2 emission due to power consumption for the 
oxidation of NH4+-N and bCOD (kgCO2/y) 
62,200 
Annual CO2 equivalent emission due to N2O production in 
FNA production reactor (kgCO2/y) 
7,500h 
Annual CO2 emission due to mixing of both FNA 
production and pre-treatment reactors (kgCO2/y) 
8,600 
Annual CO2 emission due to power consumption for the 
addition of the FNA-treated WAS (kgCO2/y) 
5,000 
Annual CO2 emission due to industrial NaHCO3 
production (kgCO2/y) 
10,200 
Annual CO2 emission due to industrial HCl production 
(kgCO2/y) 
127,100 
Annual CO2 emission due to heat production (kg CO2/y) 220,000 
Annual avoided CO2 emission due to enhanced methane 
production (kg CO2/y) 
1,081,500i 
Annual net avoided CO2 emission (compared to the 641,000 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
S14 
 
control system) (kgCO2/y) 
Annual net avoided CO2 emission (compared to the 
control system) (kgCO2/kgVS added) 
0.26 
Annual net avoided CO2 emission (compared to the 
FNA pre-treatment system) (kgCO2/y) 
161,000 
Annual net avoided CO2 emission (compared to the 
FNA pre-treatment system) (kgCO2/kgVS added) 
0.06 
Annual net avoided CO2 emission (compared to the 
heat pre-treatment system) (kgCO2/y) 
631,000 
Annual net avoided CO2 emission (compared to the 
heat pre-treatment system) (kgCO2/kgVS added) 
0.25 
a Refer to Metcalf and Eddy, (2003).  53 
b http://www.alibaba.com/ 54 
c Refer to Carballa et al. (2011). 55 
d Personal communication with a life cycle assessment researcher 56 
e https://www.lcacommons.gov/nrel/search 57 
fRefer to Law et al. (submitted). 58 
gThe capital cost of the bioreactor was estimated using the following equation (Hartley, 1998):  59 
493601×(V/1000)0.7202, where V=volume of the reactor. 60 
hN2O emission was determined as 0.08% mg N2O-N/mg NH4+-N converted in the FNA 61 
production reactor (Law et al., submitted). N2O is a potent greenhouse gas with 62 
approximately 300 times the global warming potential of CO2 over a 100 year period 63 
(Solomon et al., 2007). 64 
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iAnnual avoided CO2 emission due to enhanced methane production=(annual extra heat 65 
production from methane conversion + annual extra power production from methane 66 
conversion) × energy generation associated CO2 emission 67 
jAnnualised extra power/thermal energy consumption for heating WAS (compared to the 68 
control and FNA pre-treatment systems) includes the thermal energy required for 69 
compensating the heat loss in both heat exchanger and pre-treatment unit. The majority of the 70 
thermal energy from the effluent (i.e. pre-treated WAS) of the pre-treatment unit can be 71 
recovered with a counter-flow heat exchanger (Astals et al., 2012; Lu et al., 2008; Greer, 72 
2007; Zupancic and Ros, 2003), which transfers the thermal energy from the effluent to the 73 
influent of the pre-treatment unit. For example, the heat exchanger can be designed to 74 
decrease the temperature of pre-treated WAS from 55 to 37 °C (Astals et al., 2012), which is 75 
suitable for the following mesophilic anaerobic digestion process and therefore saves the heat 76 
requirement for anaerobic digestion process. At the same time, the temperature in the influent 77 
of the pre-treatment unit will increase accordingly with the heat recovery efficiency 78 
considered (i.e. 85%) (Astals et al., 2012; Lu et al., 2008). In that case, the extra required 79 
thermal energy in the combined FNA and heat pre-treatment system only consists of heat loss 80 
in the heat exchanger and pre-treatment unit in comparison to the control and FNA pre-81 
treatment system. The heat loss in the heat exchanger can be calculated using equation (1) 82 
(Metcalf and Eddy, 2003). The heat loss in the pre-treatment unit can be calculated using 83 
equation (2) (Zupancic and Ros, 2003). 84 
Hloss-exchanger=C×Tloss×Q×ρ/3600                                                                                            (1) 85 
Where Hloss-exchanger=energy loss in heat exchanger (kwh/d) 86 
C=specific heat capacity value of water, which is 4.2 J/(g⋅K) 87 
Tloss= temperature loss in heat exchanger (K) 88 
Q=WAS flow rate (m3/d) 89 
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ρ=specific density of the WAS, 1000 kg/m3 90 
 91 
Hloss-pre-treatment=1/R×A×(Tin-Tout) /1000×24                                                                             (2) 92 
Where Hloss-pre-treatment=energy loss in pre-treatment unit (kwh/d) 93 
R=thermal resistance, which is 4 m2⋅K/W 94 
Tin= pre-treatment temperature (K) 95 
Tout=ambient temperature (K) 96 
A=surface area of pre-treatment unit (m2) 97 
 98 
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